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ABSTRACT 
Higher Plant Acclimation to 
Solar Ultraviolet-a Radiation 
by 
Ronald Robberecht, Doctor of Philosophy 
Utah State University, 1981 
Major Professor: Dr. Martyn M. Caldwell 
Department: Range Science 
x 
Plant acclimation to natural and intensified solar UV-B 
irradiance was investigated in three species, Oenothera 
stricta Ledeb., Rumex obtusifolius L., and R. patientia L. 
The objectives of this study were to determine: ( l) the 
relationship between plant sensitivity and epidermal UV 
attenuation, ( 2) the effect of phenotypic changes in the 
leaf epidermis, resulting from UV-B exposure, <;:m plant 
sensitivity to UV radiation, and (3) the plasticity of these 
changes in the epidermis leaqing to plant acclimation to UV-
B radiation. 
Epidermal UV transmittance was found to differ in 
magnitude and spectral distribution among the three species 
examined in this study. Epidermal tissue from the leaves of 
Oenothera stricta, Rumex obtusifolius, and R. patientia 
attenuated up to 951, 90%, and 851 of the UV-B radiation 
incident on the leaf, respectively. The spectral 
xi 
distribution of transmittance appeared to be characteristic 
of each species. 
The capacity of the epidermis to attenuate UV-B radiation 
was found to have some degree of plasticity in Oenothera 
stricta and Rumex obtusifolius. After exposure to UV-B 
radiation for periods of 11 to 15 days, at a mean dose rate 
of approximately 2050 biologically effective J·m·- 2 d-1, epi-
dermal UV-B transmittance was significantly reduced by up to 
36% in mature leaves of 0, stricta. Increased capacity of 
the epidermis to attenuate UV-B radiation was not observed 
in young leaves of this species. These leaves only trans-
mitted about 4% of the UV-8 radiation incident on 
the leaf, The transmittance of shorter wavelengths of 
visible radiation was reduced by 6 to 14% in young and 
mature leaves after UV-B irradiation. A similar reduction in 
epidermal UV-8 transmittance in the leaves of R. 
folius was also observed. 
obtusi-
Ultraviolet absorbance in leaf epidermal and mesophyll 
tissue of Oenoth�ra stricta gener�lly increased in response 
to UV-B irradiation. Absorbance increased more in young 
leaves than mature leaves after UV-B irradiation. This 
increase in UV absorbance was also found in mature leaves of 
Rumex obtusifolius and R. patientia after UV-B irradiation. 
The increase in absorbance was most likely caused by an 
increase in flavonoid and related phenolic compounds in leaf 
tissues. 
xii 
The rate of photosynthesis was used as an indicator of 
the degree of plant sensitivity to UV-B radiation. In 
general, photosynthesis was not significantly depressed in 
the leaves of any of the three species. A trend toward 
photosynthetic depression in response to UV-B irradiation 
wa� found, however, and thus some degree of UV-B sensitivity 
is suggested in these species. A limited degree of plant 
acclimation was suggested in plants that were exposed to a 
low UV-B dose rate prior to a higher dose rate. 
A mechanism of UV-B attenuation, possibly involving the 
biosynthesis of UV-absorbing flavonoid compounds in the 
epidermis and mesophyll under the stress of UV-B radiation, 
and a subsequent increase in the UV-B attenuation capacity 
of the epidermis, is suggested. The degree of plant 
sensitivity and acclimation to natural and intensified solar· 
UV-B radiation may involve a dynamic balance between the 
capacity for UV-B attenuation and UV-radiation-repair 
mechanisms in the leaf. 
( 109 pages) 
IN�RODUCTION 
The importance of solar ultraviolet-B radiation (UV-B, 
280-320 nm) as an environmental stress factor in the growth
and development of plants has been the subject of several 
investigations (Caldwell 1968, Bogenrieder and Klein 1977, 
Caldwell et al. 1980, Robberecht et al. 1980). Shortwave 
solar ultraviolet radiation prevailing during the coloniza­
tion of the terrestrial environment by plants may have 
significantly influenced higher plant evolution and survival 
(McClure 1976, Caldwell 1979, Lee and Lowry 1980, u:,wry et 
al. 1980). Adaptations evolved by plants in response to 
solar UV-B radiation and the consequences of an enhanced UV­
B irradiance environment in the future are the subject of 
the present investigation. 
The nature of UV-B radiation 
Ultraviolet radiation is conunonly divided into three 
wavelength regions based historically on the 
activity of the divisions (Jagger 1967, 
photochemical 
Luckiesh 1946, 
Parrish et al. 1978). Germicidal or UV-C radiation includes 
radiation of wavelengths shorter than 280 nm and is known 
for its lethal effects on one-celled organioms. Although 
present in th� extraterrestrial solar radiation spectrum, no 
2 
UV-C radiation reaches the Earth's surface. Ultraviolet 
radiation between 280 and 320 nm is effective in causing 
erythema in human skin and has been designated as UV-B 
radiation. The UV-A region of ultraviolet radiation differs 
from UV-B and UV-C in that it is considerably less effective 
in causing erythema in human skin. 
The energy received from the UV-B waveband is rel­
atively small in proportion to the total solar spectrum 
(Fig. 1) and comprises less than Q.5% of the total incident 
shortwave flux on the Earth's surface. More important than 
the absolute irradiance of UV-B fs the significant effect of 
the radiation quality on biological systems. The absorption 
spectra of nucleiG acids and proteins extend into the UV-B 
radiation spectrum and increase rapidly with decreasing 
wavelength (Fig. 2). 
changes in the molecular 
Upon absorption of UV radiation, 
structure of nucleic acids and 
proteins in the leaf, 
may occur (Murphy 1975). 
as well as injury to plant tissues, 
The formation of pyrimidine dimers 
in nucleic acids caused by UV-B irradiation is particularly 
significant, 
replication. 
because it can interfere with normal OOA 
It is this interaction 
cally important molecules and 
nificant. 
UV-B 
between these biologi­
radiation that is sig-
Although UV-B irradiance is highly dependent on the 
interactions between stratospheric ozone concentration, 
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4 
(Green et al. 1974), (middle) solar spectral irradiance 
at the Earth's surface for a 0.300 atm.cm ozone thickness 
and a solar zenith angle of 30 degrees (Bener 1972, Green 
et al. 1974), and (bottom) action spectra for biological 
effects involving nucleic acids and proteins (Giese 
1964). The UV-B waveband is indicated by the hatched 
area. (After Caldwell 1977). 
5 
:atitude, solar zenith angle, cloud cover, and elevation 
(Koller 1965, Green 1966), some trends are noteworthy. In 
,ddition to the seasonal increase of solar UV-B irradiance 
from spring to early summer in the Northern Hemisphere, 
jrradiance increases with decreasing latitude and increases 
somewhat at higher elevations (Caldwell et al. 1980). Cloudy 
skies, depending on the types of clouds present, can either 
increase (by reflectance and forward scattering) or decrease 
diffuse UV-B irradiance reaching the ground (Bener 1964). 
Ozone and solar UV-B irradiance 
The penetration of solar UV radiation through the 
atmosphere is restricted by the absorption characteristics 
of stratospheric ozone. The extinction coefficient of ozone 
increases by more than two orders of magnitude with decreas-
ing wavelength in the UV-B waveband (Fig. 2), and thereby 
effectively prevents the penetration of radiation of wave-
lengths shorter than approximately 295 nm into the lower 
atmosphere. The natural concentration of stratospheric ozone 
varies daily, seasonally, and from year to year (Dutsch 
1971). The nighttime ozone concentration is higher than in 
the daytime. Daytime flucuations in stratospheric ozone 
concentration are irregular and caused by advection and 
vertical movement of ozone in the lower stratosphere (Griggs 
6 
1966). The seasonal maximum and minimum ozone concentrations 
in the Northern Hemisphere occur in early spring and late 
autumn, respectively. In the upper atmosphere, ozone 
formation is initiated by the photochemically induced dis-
sociation of molecular to atomic oxygen (Griggs 1966). The 
destruction of ozone occurs through chemical reactions 
catalyzed by various nitrous oxide species (Hidalgo 1975). 
Under natural conditions, ozone formation and destruction 
are balanced, and thereby maintain the stratospheric ozone 
layer at a relatively stable concentration. 
Recent activities of man threaten to upset this balance 
in favor of increased ozone destruction. Man-made atmos-
pheric pollutants such as chlorofluoromethanes, diffusing 
to the upper atmosphere, catalyze the breakdown · Of 
ozone (o3 ) to atomic and molecular oxygen (0 and o2 ) 
(National Academy of Sciences 1979a, b). A reduction in the 
ozone layer will not only result in an increase in UV-B 
-
irradiance, but will also shift the terrestrial solar 
spectrum somewhat toward shorter wavelengths (Fig. 3). Such 
enhancement of UV-B radiation could present a potential 
stress on biological systems because of its photochemical 
potency and increased overlap with the absorption spectra of 
nucleic acids and proteins, which increase rapidly with 
decreasing wavelength (see Fig. 2). An evaluation of plant 
response to the natural solar UV radiation flux has 
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8 
p,rticular significance to predicting the consequences of an 
e1hanced UV-B climate on plant species. 
Plant sensitivity and adaptations 
Plant adaptations that temper the effects of UV-B 
rcdiation can be classified into mechanisms by which plants 
a\Oid radiation, adaptations that alter the path of radia-
tion incident on the leaf, and repair processes. Highly 
irclined leaves may be of some value for the avoidance of 
solar UV-B radiation, although a relatively large proportion 
of UV-B radiation is diffuse radiation (Caldwell et al. 
1930). Repair processes act on damaged nucleic acids. While 
th~se mechanisms can repair certain types of damage caused 
by UV-B radiation and thereby protect the plant from 
pe~manent damage, the rate of repair may not be able to keep 
pa~e with the damage sustained in enhanced or high UV-B 
ir:adiance environments. Plant adaptations that attenuate 
UV-B radiation in the outer layers of the leaf may be 
pa:ticularly important in reducing UV-B injuries in the 
leif, and thus may be considered protective mechanisms. The 
co1siderable differences observed in the UV sensitivity of 
plant species (Cline and Salisbury 1966, Biggs et al. 1975, 
and Van and Garrard 1975) may be explained by the efficiency 
of these three mechanisms and their interaction. 
9 
In addition to differences in species sensitivity, some 
plants appear to have the capability to acclimate to changes 
in the UV radiation regime. Studies of the effects of 
intensified UV radiation on leaves resulting from events 
such as plant emergence near alpine snowbanks {Caldwell 
1968), sudden exposure to UV radiation as in the case of 
greenhouse-grown plants transferred to the field {Bo-
genrieder and Klein 1977), and UV-irradiation of plants in 
controlled experiments {Robberecht anq Caldwell 1978), have 
indicated all the potential of some plants to acclimate to 
an intensified radiation regime through physiological chang-
es. 
Plant acclimation may involve the synthesis of UV-
absorbing pigments such as flavonoids and related phenolic 
compounds, possibly increasing the capacity of the epidermis 
to attenuate radiation. These compounds absorb UV radiation. 
Their role as a protective screen of UV-B radiation in the 
leaf epidermis has be~n - suggested by several investigators 
{Caldwell 1968, Gausman et al. 1975, Wellmann 1975a, 
Robberecht and Caldwell 1978, Murphy et al. 1979, Lee and 
Lowry 1980) and may be responsible for attenuating a major 
portion of the UV-B radiation incident on a leaf. 
In general, over 90% of the UV-B radiation incident on 
a leaf is attenuated in the epidermis. Reflectance of UV-B 
radiation from glabrous leaves is generally less than 10% 
10 
(Gausman et al. 1975). In some species, a certain degree of 
phenotypic plasticity in the degree of epidermal UV-B 
attenuation has been demonstrated (Robberecht and Caldwell 
1978 -). · For example, the degree of transmittance of UV-B 
radiation through the epidermis in some speGies was reduced 
after leaves were exposed to this radiation. The capacity to 
decrease epidermal UV-B transmittance appears to vary among 
species and may partially explain the great degree of 
differential sensitivity of species to UV-B radiation. If 
flavonoid and related phenolic compounds functio~ as major 
UV-filters in the epidermis and mesophyll layers and are 
increased in response to UV-B irradiation, this could be an 
important mechanism by which plants acclimate to UV-B 
radiation. This mechanism .would, of course, operate in 
conjunction with plant repair processes and mechanisms of 
radiation avoidance. Thus, the dynamic balance between these 
adaptations ultimately determines the degree of plant sen-
sitivity to UV-B radiation. 
The present investigation 
The present study examined the phenotypic plasticity of 
plant acclimation to solar UV-Band intensified UV-B irradi-
ance. The investigation has been directed toward determining 
what principal leaf components are altered so as to provide 
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UV-B protection, how effectively these components protect 
the leaf from injury, how modifications in le~f components 
affect the transmittance of visible radiation, and the 
phenotypic plasticity of plant acclimation. The objectives 
of this research have been to determine: (1) the relation-
ship between plant sensitivity and epidermal UV attenuation, 
(2) the effect of phenotypic changes in the leaf epidermis, 
resulting from UV-B exposure, on plant sensitivity to UV 
radiation, and (3) the plasticity of these changes in the 
epidermis leading to plant acclimation to UV-B radiation. 
Three species were examined in this study. Oenothera 
stricta Ledeb,, a weedy perennial collected from high UV-B 
irradiance habitats at high elevations in the Hawaiian 
Is l ands, was selected for study because of its leaf geometry 
and epidermal characteristics. The mature leaves of this 
species are relatively horizontal, and self shading of 
leaves is minimal, The epidermal characteristics of o. 
stricta leaves allowed consistent separation of the epi-
dermis from the mesophyll layer. Rumex obtusifolius L. and 
R. patientia L., collected from foothill habitats in 
northern Utah, were included in the study because of the 
availability of data regarding their response to UV-B 
raciation from previous investigations (Sisson and Caldwell 
19 : 6, 1977, Dickson and Caldwell 1978, Robberecht and 
Ca dwell 1978). 
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METHODS 
Instrumentation, UV-B milieu and measurement 
The accurate measurement of UV-B irradiance presents a 
difficult dosimetry problem. Solar radiation in this wave-
band decreases rapidly with decreasing wavelength. For 
example, a decrease of three orders of magnitude from 320 to 
295 nm is typical of UV-B radiation reaching the Earth's 
surface. In addition, solar UV-B irradiance is relatively 
minute in comparison with visible irradiance. Because of 
these characteristics, measurements of UV-B must be made 
carefully in order to accurately quantify the UV-B radiation 
environment. 
Ultraviolet radiation was measured with a modified 
Gamma Corp. spectroradiometer. This instrument consisted o( 
a high-resolution grating monochromato~, having a 2-nm half-
band width resolution (Model 700-31), coupled to an auto-
ranging photometer (Model 2900). The wavelength accuracy of 
the instrument was upgraded to 0.1 nm. Additional modifica-
tions included a domed Teflon diffuser, the incorporation of 
a "solar blind" filter, and an automatic data aquisition 
system. The Teflon diffuser was used to improve the cosine 
response of the radiation collector. The solar blind filter, 
opaque to wavelengths longer than 370 nm, reduced the stray 
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light within the instrument during measurement, particularly 
measurement of solar UV-B radiation. The data aquisition 
system provided increased precision in measurement through 
multiple readings at each wavel~ngth and more consistent 
wavelength scanning than could be achieved during a scan 
performed manually. Instrument responsivity was calibrated 
with a tungsten-halogen lamp (traceable to the United States 
Bureau of Standards). Calibration of wavelength was made 
with a low-pressure mercury arc lamp at the 296.7, 302.2, 
and 334.1 nm mercury vapor emission lines. These modifica-
tions, method of calibration , and computer anaylsis of the 
measured radiation spectrum resulted in an accurate measure-
ment of UV-B radiation emitted from sunlamps (described 
below) and the sun. A detailed description of the modified 
spectrophotometer and computer-spectral refinement is given 
by Caldwell et al. (1980). 
The UV-B radiation data in this study are presented on 
the basis of the efficacy of these wavelengths in biological 
systems. This so called "effective" UV-B radiation provides 
a more biologically relevant measure of the radiation to 
which plants are exposed, because UV-B radiation is related 
to its effect on plants by an action spectrum. A generalized 
plant action spectrum, describing the effectiveness of UV-B 
to induce damage in plants (Caldwell 1971), and an action 
spectrum derived from UV-B effectiveness on biological 
14 
processes involving DNA (Setlow 1974), provide two different 
weighting functions for UV-B irradiance (Fig. 4) • The 
following equation expresses the integrated weighted UV-B 
irradiance with a particular action spectrum: 
320 
Effective UV-B = {80 IA·EAdA ( l) 
is the spectral irradiance at wavelength A , and 
E A is the action spectrum weighting function. Integrated 
biological or DNA effective UV-B irradiance was calculated 
in effective mW/m2 • On a daily dose basis, units of 
effective J/m 2 were used. 
Field UV-B radiation study 
The effect of solar UV-B radiation was examined in the 
field, using a UV transparent filter and a filter opaque to 
uv-a. Solar UV-B radiation could thus be removed from the 
plant's environment. These plastic filters were suspended on 
metal frames above a group of plants. A fan was positioned 
at the end of each frame to provide air circulation and 
convective cooling of the plants beneath these frames. 
The frames were covered with either a Q.08-mm Aclar or 
a Q.13-mm Mylar plastic filter. Aclar is highly transparent 
to UV ra~iation, whereas Mylar is opaque to wavelengths 
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Fig. 4. The generalized plant action spectrum (Caldwell 
1971) and a generalized action spectrum for reactions 
mediated by DNA (Setlow 1974) utilized in calculation 
of effective integrated UV-B irradiance (After Caldwell 
et al. 1980). 
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_shorter than approximately 315 nm. The filter transmission 
characteristics are shown in Fig. 5. Plants beneath the 
Aclar filter would not be exposed to the full solar UV-B 
flux because of the UV attenuation in this filter. Measure-
ments of solar UV-B radiation beneath the filters were made 
three times daily during the experiment. These were made at 
approximately two hours before solar noon, at solar noon, 
and two hours after solar noon. Using this schedule, 
estimates of total daily solar UV-B, absolute and effective, 
could be determined by computer simulation modeling of solar 
UV-B irradiance (based on a model by Green et al. 1980). 
There were two major periods of field experimentation. Two 
experiments were conducted near the time of the surraner 
solstice, between June 11th and July 7th. A second set of 
experiments was conducted between July 31th and August 8th. 
The mean daily effective UV-B irradiation beneath the 
filter-frames for the first experimentation period was 
estimated to be 1125 J·m= 2 ~ 1and 67 J·m~ 2 ~ 1 on a biologically 
and DNA effective basis, respectively. The UV-B dose rate 
for the second period was estimated at 1151 J·m= 2 d- 1 and 68 
-2 -1 J·m· d • Skies were generally clear during the periods of 
field experimentation. 
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Greenhouse UV-B radiation study 
In the greenhouse, solar UV-B radiation was simulated 
with filtered sunlamps (Westinghouse Corp. Model FS-40). 
When filtered with a 0.13-mm cellulose acetate (CA) filter, 
a plastic film that is opaque below approximately 288 nm 
(see Fig. 5), the spectral distribution approximates the UV-
B spectral distribution found in solar radiation. This is 
not a true simulation of solar UV-B radiation, however. As 
is illustrated in Fig. 6, the CA-filtered sunlamps transmit 
wavelengths as short as 288 nm, whereas there is essentially 
no radiation below 295 nm in the field. Furthermore, these 
fluorescent sunlamps have several emission lines in the UV-A 
waveband (320-400 nm), and thus a filtered sunlamp control 
is required . A Mylar plastic film (0.13 mm) was used as a 
control filter, since it is opaque to UV radiation below 
approximately 315 nm (see Fig . 5). Because the spectral 
distribution of these filtered sunlamps provides an im-
perfect simulation of the UV-B radiation regime found in 
nature, the biological weighting functions described above 
must be applied to the data so that sunlamp and solar UV-B 
radiation can be related. 
Two banks of filtered sunlamps, comprising a control 
and a UV-B radiation treatment, were used in the greenhouse 
experiments. Five lamps, positioned 25-cm above the plant 
canopy, comprised each bank of lamps. Lamps were individu-
ally wrapped with either a CA or Mylar filter. The treatment 
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Fig. 6. Typical spectral irradiance of cellulose 
acetate-filtered fluorescent sunlamps and solar 
radiation. Incident radiation typical of thi 
flux occurring near the summer solstice was calculated 
for 42 degrees N latitude and an ozone concentration 
of 0.320 atm. cm using a computer model developed 
by Green et al. (1980). 
20 
group was thus exposed to UV-8 radiation while the control 
group received only radiation of wavelengths longer than 315 
nm. The spectral distribution of filtered-sunlamp radiation, 
for representative dose rates of O and 90 biologically 
effective mW/m2 (0 and 12 DNA effective mW/m2 ), is shown in 
Fig. 7. Due to UV-induced degradation of the trarf'smittance 
properties of CA filters, a process called "solarization", 
the filters were exposed to UV-8 radiation for six to 12 
hours prior to use to minimize the effect of changing filter 
transmittance during an experiment. 
In certain experiments, four layers of neutral density 
cloth (cheese cloth) were used, in combination with CA and 
Mylar filters, to reduce the intensity of UV-8 radiation 
incident on the plants beneath the lamps. Four layers of 
this neutral density filter combined with one layer of 0.13 
mm CA gave a mean biologically effective UV-8 dose of 45 
effective mW/m2 (9 DNA effective mW/m2 ). Over a 6-hr . period, 
this corresponds approximately to the daily UV-B irradiation 
experienced during May at 42 degrees N latitude under a 
prevailing ozone concentration of about 0.361 atm. cm. The 
spectrum of this lamp/filter combination is shown in Fig. 7. 
co2 gas exchange measurements 
Measurements of photosynthesis were made with a 
50.0 
'e 
c: 
N. 10.0 
'e 
~ 
E 
5.0 
w 
u 
2 
<x: 
0 
<x: 
0:: B- c A 
0:: 
1.0 
..J 
<x: 
0:: 
t-
u 0.5 
w 
Q. 
U) 
0.1 l.-..---L--__.._ ___ _._ _ __._ ____ ___. 
280 300 320 340 
WAVELENGTH (nm) 
Fig. 7. The spectral distribution of fluorescent 
sunlamps filtered with Mylar (A) and cellulose 
acetate (Band C). A representative UV-B dose of 
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90 biologically effective mW/m2 (12 DNA effective 
mW/m2 ) is shown (B). Four layers of neutral density 
cloth reduced this dose to 37 biologically effective 
mW/m2 (5 DNA effective mW/m2 ) (C). Mylar-filtered 
sunlamps transmit essentially no effective UV-B 
radiation. 
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modified Siemens Corp. gas exchange system. This system 
allowed the measurement of photosynthesis and transpiration 
under controlled co2 concentrations, temperature and humid-
ity. A cuvette similar to that described by Patterson et 
al. (1977) was incorporated into the gas exchange system. A 
computerized data aquisition system permitted the rapid 
evaluation of intercellular co 2 concentration, leaf tem-
perature, cuvette humidity and temperature, and net photo-
synthesis. 
Intercellular co2 concentration is a useful parameter 
for estimating the amount of C~ available for photo-
synthesis within the leaf. It is calculated from the 
difference between the co2 concentration outside the leaf 
and the product of the photosynthetic rate and leaf co2 
diffusion resistance. The latter decribes the resistance to 
co2 diffusion into the leaf, which is related to the 
stomatal resistance to water vapor by a factor of 1.59. This 
factor represents the ratio of the diffusivities of co2 to 
water vapor. Stomatal resistance to water vapor is dependent 
on the gradient between the water vapor of the air 'and the 
leaf. With the computer data aquisition system, the 
intercellular co2 concentration could be determined during 
meaurements of photosynthesis, and thus appropriate correc-
tions could be made during the examination period. Inter-
cellular co2 concentrations were maintained at similar 
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levels for all plants within each experiment. This permitted 
accurate comparisons between plants within an experiment. 
Photosynthesis was measured under photosynthetically 
active radiation (PAR) -2 -1 of 1100 uE·m· s (in the 400-700 nm 
waveband). The range in leaf temperature was 22 to 25 
degrees centigrade. 
Epidermal transmittance 
Epidermal transmittance of UV and visible radiation was 
measured with an integrating sphere coupled to the Ganuna 
spectroradiometer. This system has been previously described 
by Robberecht and Caldwell (1978). Briefly, measurement of 
transmitted radiation with an integrating sphere insures 
that radiation scattered at oblique angles as it penetrates 
through the tissue is detected by the photomultiplier tube. 
The integrating sphere was coated with "Halon" (Diano 
Corp.) , a nearly perfect reflector and diffuser of UV 
radiation (Venable and Kostkowski 1975). This sphere was 
designed to accorrunodate epidermal tissue as small as 2 x 3 
~n. Transmitted radiation was measu~ed at 5- and lO~nm 
intervals with the spectroradiometer throughout the UV 
waveband, and at intervals of 5-,10-, and 50-nm in the 
visible waveband (400-650 nm). 
The effective irradiance at the mesophyll, I(mes), was 
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calculated in . I 2 effective mW m from a modified version of 
equation 1: 
320 
Effective I(mes) = ! IA•EA·TAdA 
290 
( 2) 
where I A is the spectral irradiance at wavelength A , EA is 
the biological weighting function, and TA is mean epi-
dermal UV-B transmittance. Effective I(mes) is a useful 
parameter that indicates the irradiance expected to pen-
etrate to the photosynthetically active mesophyll cell 
layer, given a particular level of UV-B irradiance incident 
on a leaf. 
Leaf epidermal transmittance was measured on fresh, 
turgid leaves. Epidermal tissue was mechanically isolated, 
without the use of chemical isolating agents. Only epidermal 
tissue of at least 3 mm in diameter and free of perforations 
and mesophyll debris, as determined by microscopic inspec-
tion, was used. The tissue was placed in contact with 
moistened filter paper and ircunediately positioned over the 
entrance port of the integrating sphere for the determina-
tion of UV transmittance. The same tissue was used for 
subsequent measurements of visible transmittance. 
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Analysis of uv~absorbing compounds 
Epidermal, rnesophyll, and whole-leaf tissue was ex-
amined for flavonoid and related phenolic compounds. Tissue 
extractions were made with a methanol-water-HCL solution 
(70:29:1 v/v) as described by Caldwell (1968) and Ribereau-
Gayon (1972). This solution is effective in extracting UV-
absorbing pigments such as flavonoids from plant tissue. 
Leaf tissue was ground in ' 3- to 5-ml of this solution and 
centrifuged for 10 minutes. The resulting supernatsnt was 
then examined in a Beckman double-beam spectrophotometer 
(Model 35), Absorbance was recorded over the 250 to 360-nm 
waveband. Leaf extract absorbance is presented on a dry 
tissue weight basis (mg). In some cases, such as with the 
extraction of epidermal tissue ·, fresh or dry weight could 
not be obtained, so UV absorbance was expressed on an area 
basis. The epidermal tissue area was 2 x 3 nun in size. 
Anaylsis for major flavonoid groups in the leaf extract 
solution involved two-dimensional paper chromatography. The 
methods prescribed by Mabry et al. (1970) and Ribereau-Gayon 
(1972) were followed in the present study. An aliquot of the 
tissue extract solution was spotted on a sheet of Whatman 
No. 1 chromatography paper. The chromatogram was developed 
in the first dimension with TBA (tertiary-butanol, water, 
and acetic acid; 3:1:1:), and subsequently in the second 
dimension with HOAc (water and acetic acid, 85:15). The 
dried chromatogram was viewed under UV-A illumination before 
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and after fumigation with arranonia to observe the color and 
location of various flavonoid compounds. 
Cultivation of plants 
Seed, obtained from field seed collections, were 
germinated in a petri dish . After germination, seedlings of 
1-to 2-cm in length were transferred to peat pots (Jiffy 
Co . ) and later transferred to 10- X 10-cm pots in the 
greenhouse . The plants were grown under greenhouse condi-
tions and thus received no UV-8 radiation during the early 
stages of growth. A soil mixture of commercial potting soil 
and vermiculite (3:2) was used throughout the study. The 
midday PAR intensity in the greenhouse ranged between 500-
1000 
. -2 -1 . 
uE• m• s in 
sununer. 
the winter and -2-1 1000-2000 uE·m· sin the 
Experimental design 
Plants with mature leaves of similar size and develop-
ment were selected for experimentation. In experiments where 
photosynthesis was measured, plants initially selected by 
the latter criteria were secondarily culled on the basis of 
similar pre-treatment photosynthetic rates. The cultivation 
and culling procedures were the same for plants used for 
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greenhouse or field experiments. Rumex obtusifolius and R. 
patientia were used primarily in the field experiments. 
The plants were then randomly assigned to either a 
control group, receiving no UV-B irradiation, or a UV-B 
treatment group. The range in sample sizes was 3 to 10 
plants per treatment. The plants were irradiated for a 6-
hour period per day with a mean UV-B dose of approximately 
-2 -1 
2050 biologically effective J·m· d (or 260 DNA effective 
-2 -1 
J·m· d ). This corresponds to the daily effective UV-B 
irradiance experienced at the summer solstice with an ozone 
thickness of Q.272 atm. cm, at 42 degrees N latitude. This 
ozone concentration represents a reduction of 15% from that 
normally prevailing during June (approximately Q.320 atm. 
cm). In general, photosynthesis was examined during the 
irradiation period, while epidermal transmittance and fla-
vonoid absorbance were determined at the conclusion of the 
irradiation period. These latter measurements could not be 
made without destruction of the leaf. Measurements of 
photosynthesis, transmittance, absorbance and chromatography 
were generally made on the same leaf of each plant. 
The results were compared for the statistically sig-
nificant effects of UV-B irradiation on transmittance and 
absorbance with a one-way Student's "t'' analysis. For the 
analysis of UV-B effects on photosynthesis, . an analysis of 
variance test was used. Significant reductions in 
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photosynthesis and epidermal transmittance or significant 
increases in flavonoid absorbance were determined at a 
probability level of p<0.05. In the case of epidermal 
transmittance, integrated values of transmittance in the UV-
B (biologically effective), UV-A, and visible (400-430 nm 
and 450-650 nm) wavebands were used for statistical com-
parisons. 
RESULTS 
Flavonoid compounds 
The term "flavonoids" refers to a wide variety of 
phenolic compounds. As classified by Ribereau-Gayon (1972), 
this family of compounds includes flavones, flavonols and 
related compounds, chalcones, dihydrochalcones, aurones, and 
anthocyanins. These compounds are characterized by a c6 -c 3 -
c6 structure, which consists of two benzene rings linked by 
a c3 group. This C 3 group differs among flavonoid compounds. 
In subsequent sections, the term "flavonoid" will refer to 
the family of phenolic compounds as classified by Ribereau-
Gayon (1972). 
The major groups of flavonoids indentified in chro-
matographs of whole-leaf extracts of Rumex patientia, R. 
obtusifolius, and Oenothera stricta are listed in Table 1. 
Table 1. Major flavonoid groups identified from the leaf-tissue extract by 
chromatograph spot color. 
Species 
Rumex patientia Rumex obtusifolius Oenothera stricta 
Flavonols Flavones Flavones 
Chalcones Chalcones Chalcones 
Aurones Flavanones Flavonones 
Isoflavones 
N 
\.D 
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This analysis confirmed that these compounds were extracted 
from leaf tissue with the methanol- water-acid extraction 
solution. Several major flavonoid groups were similar among 
the species. 
UV attenuation in the leaf 
The effect of UV-B irradiation on the attenuating 
capability of the adaxial leaf epidermis will be reported in 
regard to UV-absorbing pigments and epidermal transmittance 
in the UV-A and UV-B wavebands. 
Oenothera stricta because: ( 1) 
The results are focused on 
its leaves are relatively 
horizontal, (2) self shading of leaves is minimal, and (3) 
its epidermal characteristics allowed consistent separation 
of the leaf into epidermal and meosphyll layers. This third 
consideration, in particular, permitted a complete set of 
measurements of epidermal and mesophyll extract absorbance, 
epidermal transmittance and leaf photosynthesis. The results 
for the two Rurnex species are presented for comparison to 
o. stricta. 
Flavonoid absorbance in epidermal and mesophyll leaf 
extracts generally increased after exposure of the leaf to 
UV-B radiation (Table 2). Although flavonoids and related 
compounds generally do not have maximal absorption in the 
UV-B waveband, absorbance is presented -in this region so 
Table 2. Mesophyll and epidermal extract absorbance of UV-B irradiated and non-
irradiated Oenothera stricta leaves. These values represent the mean of five to 
seven samples per treatment for each of five separate experiments. The mean UV-B 
dose rate was 2050 biologically effective J.m-2.d-l. Experiments in which absorbance 
was significantly increased (p<0.05) after UV-B irradiation are indicated by an 
asterisk. 
Days of UV-B Mean Extract Absorbance ( 3 0 5 nm) 
Irradiation Mesoph;tll Epidermis 
No UV-B UV-B Relative No UV-B UV-B Relative 
Change Cnange 
(%) ( % ) 
15 0.50 0. 64 * 28 0.17 0.15 -12 
15 0.26 0.30 15 0.05 0. 08 * 60 
13 0.54 0. 7 3 * 35 0.03 0.06* 100 
11 0.34 0.34 0 0.11 0 .17 * 55 
7 0.54 0.57 6 0.04 0. 06 * 50 
w 
...... 
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that extract absorbance and epidermal transmittance can be 
viewed in the same waveband. Absorbance is an exponent and 
is related to transmittance such that a linear decrease i!'n 
absorbance results in a logarithmic increase in trans-
mittance (Jagger 1967). Thus, small changes in absorbance 
can result in relatively large changes in transmittance. 
This relationship is ~pecific to solutions. Absorbance at 
305 nm, a wavelength selected as representative of the 
biological effectiveness of the UV-B waveband, significantly 
increased by 50 to 100% in the epidermis of Oenothera 
stricta leaves, in four out of five experiments. Although 
epidermal extract absorbance decreased by 12% in one experi-
ment, this decrease was not statistically significant. In 
the mesophyll layer, absorbance significantly increased by 
28 to 35% in two out of five experiments. In all experi-
ments, a trend of increased flavonoid absorbance was 
observed in mesophyll extracts after UV-B irradiation. For 
o. stricta, no significant increases in absorbance were 
observed in either tissue when the duration of UV-B irradia-
tion was less than seven days, at a dose rate of ap-
-2 -1 proximately 2050 biologically effective J·m· d . 
A similar trend was observed for the two Rumex species. 
Extract absorbance of whole-leaf tissue was significantly 
increased by more than twofold in R. obtusifolius leaves 
after six days of UV-B irradiation (Table 3). The daily UV-B 
Table 3. Extract absorbance of whole-leaf tissue from two Rumex species. These values 
represent the mean of three to four samples per treatment. Rumex obtus}folius and R. 
patientia leaves wer .e exposed to a mean biologically effective dose rate of 2396 and 
205~ J·m-2.d-l, respectively. A significant increase (p<0.05) in absorbance is 
indicated by an asterisk. 
Species 
Rur.1ex patientia 
Rumex obtusifolius 
Days of UV-B 
Irradiation 
8 
6 
!1ean 
No UV-B 
0.83 
0.22 
Extract Absorbance {305 nm) 
UV-B Relative 
Change 
{ % ) 
0.86 4 
0. 4 7 * 114 
w 
w 
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dose of 2396 J/m 2 was somewhat higher than that in the 
experiments with Oenothera stricta. Although a slight 
increase of 4% in whole-leaf extract absorbance was observed 
in R. patientia leaves, this increase was not significant 
after eight days of UV-B irradiation at a dose rate of 2050 
-2 -1 
J·m· d (see Table 3). However, absorbance in whole-leaf 
extracts of this species was in any case substantially 
higher than that in R. obtusifolius. 
A comparison of flavonoid absorbance in young expanding 
leaves (2- to 3-cm in length) and mature fully expanded 
Oenothera leaves (10- to 15-cm in length) showed that 
absorbance increased significantly in the epidermis of both 
leaf types following UV-8 irradiation. In epidermal tissue 
from young leaves, flavonoid absorbance increased to a 
slightly greater degree than in mature leaves after UV-B 
irradiation (Table 4). Although absorbance was similar in 
epidermal extracts of both age classes, mesophyll absorbance 
was higher in young than mature leaves. This difference in 
extract absorbance between young and mature leaves was 
considera _bly greater after UV-B irradiation. 
The degree of UV attenuation by the epidermis was not 
uniform between 290 and 400 nm. Rather, the epidermis was 
more transparent to UV radiation at longer wavelengths. 
Transmittance of UV radiation was lowest in the UV-B region, 
with increased transmittance in the UV-A region. Although 
Table 4. Mesophyll and epidermal extract absorbance of UV-B irradiated and non-
irradiated young and mature leaves of Oenothera stricta leaves. These values 
represent the mean of five samples per treatment. The mean UV-B dose rate was 2050 
biologically effective J·m-2-d-l. Experiments in wbich absorbance significantly 
increased (p<0.05) after UV-B irradiation are indicated by an asterisk . 
Leaf Age Mean Extract Absorbance ( 305 nm} 
Me so.e_t:!_y 11 Eeidermal 
Relative No UV-B UV-B Relative No UV-B UV-B 
Change Change 
( % ) ( % } 
Young 0.49 0.89 82 0.10 0 .15 * 50 
Mature 0.34 ·O. 34 0 0.11 0 .1 7 * 55 
w 
V1 
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these general trends were similar for the three species in 
this study, the spectral distribution of transmittance 
between 290 and 400 run appeared to be a species char-
acteristic. Epidermal UV-B transmittance was significantly 
higher in Rumex patientia than in the other two species. 
Rumex obtusifolius and Oenothera stricta were not sig-
nificantly different in . the degree of UV-B radiation trans-
mitted through the epidermis. In the UV-~ waveband epidermal 
transmittance was significantly lower in~· obtusifolius 
than in either R. , patientia or Q. stricta. Epidermal UV-A 
, 
transmittance was not significantly different between the 
latter two species . A typical epidermal transmittance 
spectrwn, indicating the representative magnitude and spect-
ral distribution of transmittance for o. stricta, is . 
shown in Fig. s. Transmittance spectra for R. obtusi-
folius and R. patientia are also shown in this figure, but 
represent limited sample sizes of four to six leaves, 
respectively. This is due to the difficulty of mechanically 
isolating epidermal tissue from leaves of these species. 
Further measurements of epidermal transmittance on R. 
obtusifolius leaves were limited to two experiments. The 
epidermis of UV-B irradiated R. Eatientia leaves was easily 
fragmented, and thus no measurements of posttreatment 
transmittance could be obtained for . this species. 
Some degree of phenotypic plasticity in the UV 
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Fig. 8. Typical epidermal transmittance spectra for 
Oenothera stricta, Rumex obtusifolius, and~· patientia 
cultivated without exposure to UV-B radiation. 
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attenuating capacity of the epidermis was found. Exposure to 
UV-B radiation for periods of 11 to 15 days resulted in 
reduced epidermal UV-B transmittance in Oenothera stricta in 
five out of six separate experiments (Table 5). Significant 
reductions of 19 to 33% were observed in mature, fully 
expanded leaves of Oenothera plants. The relative differ-
ences between transmittance of UV-8 irradiated and nonir-
radiated leaves are based on mean epidermal transmittance 
of each waveband (indicated in Table 5). Although UV-B 
transmittance slightly increased in one experiment, all 
other experiments showed either a trend of reduced UV 
transmittance or a significant reduction in this parameter. 
No significant reduction in epidermal UV transmittance was 
observed for irradiation periods of less than 11 days. 
A reducti.on of epidermal transmittance was also observ-
ed in the UV-A waveband after UV-B irradiation (see Table 
5). Significant reductions in epidermal UV-A transmittance 
of 22 to 39% were observed after 11 to 15 days of UV-B 
irradiation. In addition to the reduction in magnitude, a 
spectral shift in transmittance was evident. This shift was 
expressed as a greater reduction in the transmittance of UV-
A than UV-B radiation. Figure 9 illustrates typical epi-
dermal transmittance spectra for UV-B irradiated and nonir-
radiated leaves. 
The range in epidermal transmittance for UV-B 
Table 5. The effect of UV-B irradiation on epidermal -UV and visible transmittance 
in Oenothera stricta. The mean of each treatment for six separate experiments, 
representing seven to 10 samples per treatment, is presented. The mean UV-B dose 
rate was approximately 2050 biologically effective J·m: 2 a- 1 • Significant 
reductions (p<0.05) in transmittance in each waveband are indicated by an asterisk. 
Days of Mean Eeidermal Transmittance (%) 
--
Waveband (nm) 
UV-B 290-320 320-400 400-430 450-650 
Irradiation No UV-B UV-B Relative No UV-B UV-B Relativ e No UV-B UV-B Relative No UV-B UV-B Relative 
Change Change Change Change 
(%) (%) (%) ( %) 
15 11.1 7. 4 * -33 30.9 18. 9 * -39 44.5 39 . 1 • -12 67.9 69.4 2 
15 13 .1 8. 8 * -33 29.9 22. 0 • -26 -- -- -- 71. 2 71. 2 0 
13 18.0 14. 5 * -19 42.5 33. 3 • -22 
13 1:6 6.6 -13 26 . 9 20. 5 • -24 
11 23.4 14. 9 * -36 47.0 36. 5 • -22 64.8 60. 9 * -6 77.5 76.5 -1 
7 7.7 8. 6 12 21. 4 21. 7 1 -- -- -- 67.0 65.6 -2 
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Fig. 9. Typical magnitude of transmittance of Oenothera 
stricta leaves with or without UV-B irradiation. The 
plants were exposed to 15 days of UV-B radiation at a 
mean dose rate of 2050 J·m-2-d-l, on a biologically 
effective basis. Epidermal transmittance of UV-B 
irradiated leaves are significantly lower {p<0.05) than 
the nonirradiated leaves between 290 and 430 nm. These 
spectra represent the mean of 10 samples with one 
standard error of the mean of less than 2% in the UV 
waveband and less than 5% in the visible waveband. The 
data correspond to the first experiment.listed in Table 1. 
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irradiated and nonirradiated leaves of Oenothera stricta is 
sununarized for six experiments in Fig. 10. This figure 
illustrates the maximum and minimum mean epidermal trans-
mittance observed for four wavebands between 290 and 650 nm. 
The effect of UV-B irradiation on epidermal transmittance 
was most pronounced in the UV waveband, as evidenced by the 
high degree of plasticity in epidermal UV transmittance, as 
compared to transmittance of visible radiation. 
The effect of UV-B irradiation on epidermal trans-
mittance may differ somewhat with the age of the leaf. In 
regard to UV-B radiation, epidermal tissue from young leaves 
was considerably less transparent than epidermal tissue from 
mature leaves (Table 6). Exposure to UV-B radiation for 11 
days resulted in a significant reduction in epidermal UV-B 
transmittance only in mature leaves. Epidermal UV-B trans-
mittance of young leaves was quite low in both the UV-B 
irradiated and nonirradiated leaves. Epidermal transmittance 
of both young and mature leaves was significantly reduced in 
the UV-A waveband, and at shorter wavelengths in the visible 
waveband. Although transmittance in young leaves was reduced 
in the 450- to 650-nm portion of the visible waveband, this 
decrease was not significant. The spectra of mean epidermal 
transmittance for young and mature leaves is shown in Fig. 
11. 
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Fig. 10. Minimum and maximum mean epidermal trans-
mittance of Oenothera stricta leaves of all experiments. 
Leaves exposed or unexposed to UV-B radiation are 
indicated by the solid and open bars, respectively. 
Table 6. The effect of UV-B irradiation on epidermal transmittance of young and 
mature leaves of Oenothera stricta. The mean of five and 10 samples per treatment 
for young and mature leaves, res~ectively, is presented. The mean UV-B dose rate was 
2050 biologically effective J·m- .d-1 for a period of 11 days. Significant reductions 
(p<0.05) in transmittance are indicated by an asterisk. 
Treatment Mean Epidermal Transmittance (%} 
Waveband (nm) 
290-320 320-400 400-430 430-650 
Young Mature Young Mature Young Mature Young Mature 
No UV-B 3.7 23.4 30.5 47.0 51.1 64.8 70.8 77.5 
UV-B 4.2 14.9* 24.2* 36.5* 44.2* 60.9* 65.4 76.5 
Relative 
Change {%} 14 -36 -21 -22 -14 -6 -8 -1 
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Penetration of visible radiation into the leaf 
Epidermal transmittance in one portion of the visible 
region was also reduced after UV-B irradiation. The reduc-
tion in transmittance was found only at the shorter wave-
lengths of the visible region and was reduced to a lesser 
degree in the visible than in the UV waveband (see Fig. 9 
and Table 5). Epidermal transmittance was significantly 
reduced by 6 to 12% in the 400- to 430-nm waveband after 11 
to 15 days of UV-B irradiation. Ultraviolet-B irradiation 
had no apparent effect on epidermal transmittance of visible 
radiation between 450 and 650 nm. In this region, relative 
differences in visible transmittance were on the order of O 
to 2%. The range in mean epidermal tran~mittance of visible 
radiation for all experiments is shown in Fig. 10. The 
effect of UV-B radiation on epidermal transmittance of 
visible radiation is substantially less than its effect on 
the transmittance of UV radiation. 
The effect of UV-B radiation on the epidermal trans-
mittance of visible radiation did not appear to differ 
between young and mature leaves. Epidermal transmittance of 
visible radiation in young leaves followed a similar trend 
as in mature leaves, As shown in Table 6 and Fig. 11, 
epidermal transmittance between 400 and 430 nm was sig-
nificantly reduced by 6 and 14% in mature and young leaves 
47 
of Oenothera stricta, respectively. Exposure to· UV-B 
radiation did not significantly affect the transmittance of 
visible radiation between 450 and 650 nm in either young or 
mature leaves. 
Photosynthesis and plant sensitivity 
The degree of photosynthetic depression in response to 
UV-B irradiation may be indicative of a plant's sensitivity 
to UV-B radiation. The effect of UV-8 irradiation, emitted 
from filtered sunlamps, on the photosynthetic rate of 
Oenothera stricta leaves was examined in conjunction with 
measurements of epidermal transmittance and extract absor-
bance. When compared with leaves that were not exposed to 
UV-B radiation, UV-B irradiated leaves generally showed ·no 
substantial or significant photosynthetic depression for 
irradiation periods of 11 to 15 days (Figs. 12, 13, and 15). 
On the basis of this response of photosynthesis, o. 
stricta does not appear to be highly sensitive to the level 
of UV-B radiation used in this study. 
However, there is some suggestion of a trend toward UV-
B induced photosynthetic depression in this species. Figure 
13 shows the progression of photosynthesis for an 11-day uv-
B exposure period for young and mature leaves. Photo-
synthesis appears to be reduced slightly under UV-B 
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Fig. 13. Net photosynthesis of young (top) and rnature 
(bottom) leaves exposed to UV-B radiation for 11 days. 
The intermittent lines represent photosynthesis of leaves 
irradiated with a mean biologically effective dose rate-
of 205~ J,m-2,d-l. Mean photosynthesis (four plants per 
treatment) and ±1 standard error of the mean are 
presented. 
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irradiation. This was somewhat more apparent in young leaves 
than in mature leaves. In a separate experiment, the trend 
of reduced photosynthesis was more pronounced. As shown in 
Fig. 14, photosynthesis was significantly reduced after six 
days of UV-B exposure. This result is an 
results of the other three experiments, 
exception to the 
where only slight 
trends of photosynthetic depression were observed. The 
reason for the particular sensitivity of this group of 
plants to UV-B irradiation is unclear. Some factors that may 
have contributed to this exception include the variability 
in the field collected seed source, and possible differences 
in the environmental conditions, such as the degree of total 
solar insolation during cultivation and experimentation in 
the greenhouse. 
Graduated exposure to UV-B radiation 
The results described above concern experiments where 
the exposure to UV-B radiation was immediate, rather than a 
gradual increase in UV-B radiation as is found during the 
growing season in the field. The effect of a low irradiance 
"conditioning" period,' prior to exposure to a-higher dose, 
on flavonoid absorbance and epidermal tranmittance is sum-
marized in Tables 7 and a. Measurements of absorbance and 
transmittance were made only at the termination of the 15-
day higher dose period. 
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Table 7. The effect of low UV-B irradiation exposure prior to a higher dose on the mean 
extract absorbance of epidermal and mesophyll tissue of Oenothera stricta leaves. The 
values represent the mean of five samples per treatment. The mean low and h�gh UV-B dose 
rates were 972 and 2231 biologically effective J·m:2a 1 , ·repectively. A significant
increase (p<0.05) in absorbance is indicated by an asterisk. 
Days of UV-B Irradia�ion Mean Extract Absorbance (305 nm) 
Mesoeh�ll Epidermis 
No UV-B UV-B Relative No UV-B UV-B Relative 
Change Change 
(%) ( % ) 
23 low dose/15 high dose 0.698* 40 0.223 30 
0.497 0.171 
15 high dose only 0.644* 30 0.151 -12
lJ1 
IV 
Table 8. The effect of a low UV-B irradiance exposure prior to a higher dose on 
epidermal UV and visible transmittance of Oenothera stricta leaves. The mean of 
10 samples per treatment is presented. The mean low and high UV-B dose rates were 
972 and 2231 biologically effective J·m- 2 -a- 1 , respectively. A significant 
decrease (p<0.05) in transmittance is indicated by an asterisk. 
Days of UV-B Mean Epidermal Transmittance (.%) 
Irradiation Waveband (nm) 
290-320 320-400 450-650 
No UV-B UV-B Relative No UV-B UV-B Relative No UV-B UV-B Relative 
Change Change Change 
( % ) ( % ) ( % ) 
23 low dose/ 
15 high dose 13.1 10. 9 * -17 29.9 21. 5 * -28 71. 2 6 7 .1 * -6 
15 high dose 
only 13.1 8. 8 * -33 29.9 22. 0 * -26 71. 2 71.1 -1 
VI 
w 
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These two different UV-B irradiation treatments did not 
differ substantially in their effect on UV absorbance. 
Flavonoid absorbance in mesophyll tissue extracts was sig-
nificantly higher in UV-B irradiated than in nonirradiated 
leaves (Table 7). Mesophyll extract absorbance of leaves 
conditioned with a low UV-B dose was similar to that of 
leaves exposed only to the high dose. Absorbance in 
epidermal extracts from UV-B irradiated leaves was 12% lower 
than absorbance in nonirradiated leaves, although this not 
significantly so. Absorbance in epidermal extracts of leaves 
conditioned with a low UV-B dose was substantially higher 
than absorbance in leaves of the other treatments. However, 
this difference was not significant. 
Exposure to a low UV-B dose, before a higher UV-B dose, 
did not appear to affect epidermal transmittance differently 
than exposure only to a high UV-B dose. Epidermal trans-
mittance in the UV-B and UV-A wavebands was significantly 
reduced in leaves exposed to UV-B radiation, as compared to 
the leaves not exposed to UV-B (Table 8). The leaves that 
received only a high UV-B dose had significantly lower 
transmittance than the low-dose conditioned plants in the 
UV-B waveband. Transmittance in the UV-A waveband was 
similar between the two UV-B treatments. In the 450- to 650-
nm waveband, only the conditioned plants showed a significant 
SS 
decrease in visible transmittance of 6%. A graduated 
exposure to UV-B radiation does not appear to substantially 
alter epidermal transmittance quantitatively or quali-
tatively, in comparison to the effect of a high UV-B dose 
applied without a graduated exposure. This suggests that a 
low irradiance conditioning period is not required to induce 
significant changes in absorbance or transmittance. More-
over, a conditioning period does not substantially increase 
the · attenuating capacity beyond the effect of a single high 
dose period of 11 to 15 days. 
Plant sensitivity, as expressed through the rate of 
photosynthesis, may be altered somewhat if the plants are 
gradually exposed to UV-B radiation. Figure 15 shows the 
results of a 23 day, low-dose treatment prior to irradiation 
with a higher UV-B dose. The low and high dose rates are 
given in Tables 7 and 8, Photosynthesis of plants exposed 
only to the high dose rate was not significantly different 
than that of nonirradiated plants. However, photosynthesis 
in these UV-B irradiated plants qecreased to a greater 
degree, relative to the nonirradiated leaves, so that 
photosynthesis was reduced below that of nonirradiated 
leaves by the seventh day of the high-dose segment of the 
experiment. 
A graduated exposure to UV-B radiation did not result 
in a photosynthetic rate significantly different from the 
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Fig . 15. Net photosynthesis of Oenothera stricta leaves 
exposed to a me an dose rate of 2231 biologically effective 
J.m-2.d-l. The curves represent: (A) plants that were 
not exposed to UV-B radiation, (B) plants with no prior 
exposure to UV-B, and (C) plants with a 23-day exposure 
to a mean dose rate of 972 biologically effective J-m-2·d-l 
prior to the start of the 15-day UV-B exposure. 
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treatment described above (see Fig. 15). Photosynthesis was · 
somewhat higher in the low-dose conditioned plants at the 
start of the high-dose segment of the experiment, relative 
to the other treatments, and remained in that position 
throughout the 15-day exposure period. Since this group of 
plants did not show the trend of photosynthetic depression 
found in plants irradiated only with the higher UV-B dose 
rate, a limited degree of UV-B acclimation is suggested. The 
reason for the particularly high rate of photosynthesis in 
this group of plants is unclear. Photosynthetic measurements 
for these plants were made on the same day and under the 
same conditions as the plants of the other treatments. 
Effects of solar UV-B radiation 
As described previously, filtered-sunlamp UV-B radia-
tion does not perfectly simulate solar UV-B radiation 
received at the Earth's surface (see "METHODS"). Therefore, 
experiments on the effects of solar UV-B radiation on 
epidermal transmittance, 
synthesis were conducted. 
flavonoid absorbance, and photo-
The response of the two Rumex species to solar UV-B 
radiation in the field was similar to the trends observed 
for these species and Oenothera stricta under the simulated 
UV-B radiation regime in the greenhouse. Epidermal UV-Band 
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UV-A transmittance of R. obtusifolius leaves were sig-
nificantly reduced by 27% after eight days of exposure to 
solar UV-B radiation (Fig. 16). A similar trend in epidermal 
transmittance was 
R. obtusifolius, 
also evident in a second experiment with 
although in this case the decrease in 
transmittance after seven days of solar UV-B irradiation was 
not significant. No transmittance measurements of R. pati-
entia leaves were possible because the UV-B-irradiated 
epidermis could not be removed in samples of sufficient size 
for examination. The UV-B irradiated tissue was more prone 
to disintegration upon removal, as compared to the nonir-
radiated tissue. 
Although there was some difficulty in measuring epi-
dermal transmittance in the two Rumex species, measurement 
of whole-leaf extract absorbance could be made consistently. 
Whole-leaf tissue absorbance significantly increased in both 
species for field UV-B irradiation periods of more than five 
days. No significant increase in absorbance was observed in 
R. patientia leaves exposed to solar UV-2 irradiation for 
three days (Table 9). The estimated daily dose of biologi-
cally and DNA effective UV-B for each experiment (see 
"Methods" section) was relatively similar among experiments. 
The effect of natural solar UV-B irradiance on the 
photosynthetic rates of these two Rumex species was also 
examined. The similarity of solar UV-B irradiance among the 
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Fig. 16. Epidermal UV transmittance of Rumex obtusifolius 
leaves with or without solar UV-B irradiatiori". The plants 
were exposed to solar UV-B radiation at a mean biologically 
effective dose rate of 1151 J · rn-2.d-l for eight days. 
These spectra represent the mean of nine samples per 
treatment. Epidermal transmittance of UV-B irradiated 
leaves was significantly lower (p<0.·05) than that of 
nonirradiated leaves. 
Table 9. Mean extract absorbance of whole-leaf tissue for two Rumex species exposed 
to solar UV-B radiation. The mean of three to f~ve samples per treatment for each 
species is presented. Significant increases (p< 0.0~ in absorbance are indicated bv an 
asterisk. -
Species Days of Mean Daily UV-B Dose Mean Extract Absorbance 
Solar UV-B (J·m-2) (305 nm) 
Irradiation Biologically DNA No UV-B UV-B Relative 
Effective Effective Difference 
( % ) 
Rumex patientia 3 1151 68 0.14 0.14 0 
5 1125 67 0.27 0. 30 * 11 
Rumex obtusifolius 8 1151 68 0.26 0. 50 * 92 
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experiments allowed a reasonable degree of comparison be-
tween the replications. No clear short-term depression of 
photosynthesis was evident ·in either R. patientia or R. 
obtusifolius. Figures 17 and 18 show the progression of 
photosynthesis during a three- to eight-day exposure to 
solar UV-B radiation. Although no significant depression in 
the photosynthetic rate was found, a trend of reduced 
photosynthesis is apparent in one experiment with each 
species (see Figs. 
photosynthesis of the 
17A and 18A). In 
UV-B irradiated 
these experiments, 
plants was depressed 
slightly below that of the nonirradiated plants after one 
day of exposure to solar UV-B radiation. Photosynthesis of 
the former remained lower than the plants not subjected to 
UV-B irradiation for the duration of the experiment. On the 
basis of the rate of photosynthesis in response to solar UV-
B irradiation, these species do not appear to be par-
ticularly sensitive to solar UV-B radiation. This is 
evidenced by either a lack of photosynthetic depression, as 
in the experiments shown in Figs. 178 and 188, or by only a 
slight trend of photosynthetic depression (Figs. 17A and 
18A). 
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Fig. 17. Net photosynthesis of Rumex obtusifolius leaves 
exposed to solar UV-B radiation beneath filter frames for 
two experiments. The intermittent lines indicate photo-
synthesis of plants exposed to a mean daily UV-B dose 
rate of 1151 (A) and 1107 (B) J.m-2.d-l, on a biologically 
effective basis. The photosynthetic curves represent the 
mean of four to five plants per treatment. The vertical 
lines indicate ±1 standard error of the mean. 

Fig. 18. Net photosynthesis of Rumex patientia 
leaves exposed to solar UV-B radiation beneath filter 
frames for two experiments. The intermittent lines 
indicate photosynthesis of plants exposed to a mean 
daily UV-B dose of 1125 (A) and 1151 (B) J·m:2d - 1, 
on a biologically effective basis. The photosynthesis 
curves represent the mean of three to five plants per 
treatment. The vertical lines represent ±1 standard 
error of the mean. 
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DISCUSSION 
The nature and significance of flavonoids 
Flavonoid compounds have a chemical structure char-
acterized by two benzene rings joined by a 3-carbon group 
{Ribereau-Gay~n 1972). This particular structure, involving 
aromatic rings conjugated 
oxygen atoms {Frey-Wyssling 
with double-bonded 
1976), results 
carbon and 
in a strong 
bimodal UV absorption spectrum with maxima between 320 and 
380 nm and between 240 and 270 nm. A subsidiary peak between 
300 and 310 nm may also occur {Ribereau-Gayon 1972). The 
absorption of UV radiation by these compounds suggests an 
important function in view of the potentially injurious 
effects of UV-8 radiation. 
In addition to the structural aspects of these com-
pounds and their UV-absorption characteristics, flavonoids 
have several important functions in plant physiology. In 
many species, flower coloration and the particular pattern 
of coloration is due to flavonoid and related compounds. In 
this case, the coloration is for attracting specific insect 
and bird pollinators to the flower {Silberglied 1979). In 
contrast to attracting pollinators, flavonoids may be 
involved in a plant defense mechanism against insect her-
bivory {Ehrlich and Raven 1964, McClure 1976) . Flavonoid 
compounds may also be involved in plant growth and develop-
ment through interactions with growth regulators {McClure 
1976). 
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Flavonoid compounds occur in the leaf epidermis as well 
as the mesophyll (McClure 1976, Nozzolillo 1972). As 
observed in the present study, flavonoid and related 
compounds were found in these two leaf tissue layers of 
Oenothera stricta and whole-leaf tissue of Rumex obtusi-
folius and~· patientia. Flavonoids have also been observed 
in chloroplasts (McClure 1976, Weissenbock et al. 1976, 
Plesser and Weissenbock 1977). Because of the UV absorption 
properties of flavonoid compounds, their presence in sig-
nificaDt quantities in leaf tissue could provide a sig-
nificant UV filter. 
There is convincing evidence for a relationship between 
the induction of flavonoid synthesis and UV-B radiation. The 
studies of Wellmann (1974, 1975a, 1975b} have demonstrated 
that UV radiation (with a maximum wavelength effectiveness 
below 300 nm} induces flavonoid synthesis in both cell 
suspension cultures of parsley and intact parsley plants. 
Flavonoid induction, as indicated by the induction of 
phenylalanine ammonia-lyase (PAL}, was found to be linearly 
related to the UV dose. This enzyme is directly involved 
with the synthesis of flavonoid compounds. From these 
results, Wellmann suggests that UV absorption in the outer 
cell layers of the leaf may represent an efficient pro-
tective mechanism against solar UV-B radiation. 
The involvement of flavonoid compounds in a mechanism 
of UV-attenuation in leaf tissue is also suggested by the 
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results of the present study. Irradiation of leaves with UV-
B generally resulted in significant increases in epidermal 
and mesophyll extract absorbance (see Tables 2,4, and 7). 
This extract solution has been shown to remove flavonoid and 
related compounds from leaf tissue and exhibits a typical 
flavonoid absorption spectrum between 250 and 360 nm 
(McClure 1976). An increase in extract absorbanoe after UV-B 
irradiation suggests an increase in absorbance by flavonoid 
compounds. 
Other compounds contained in epidermal or mesophyll 
cells may be removed by the extraction solution. However, no 
compounds in this solution would be expected to have any 
appreciable UV absorption in the 200 to 400 nm region, 
unless they had a molecular structure that involved alter-
nating single and double bonds. It is this specific 
conjugated structure, typical of phenolic compounds, that 
results in UV absorption between 200 to 400 run (Jagger 
1967). Phenolic compounds that are not strictly flavonoids, 
in the sense of Ribereau-Gayon (1972), such as cinnamic 
acids, benzoic acids, 
UV-B region. However, 
and coumarins may also absorb in the 
the absorption due to flavonoids in 
the 250 to 400 nm region is considerably greater than 
absorption by these associated phenolic compounds (Bohm, 
personal · communication). Contamination of the extraction 
solution by culticular waxes would not explain the level of 
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UV-B absorption, or the increase in absorption after UV-B 
irradiation, observed in the extraction solution. Culticular 
waxes are nonconjugated structures composed of n-parafins 
(n-alkanes) or n-primary alcohols {Martin and Juniper 1970) 
and do not absorb in the 200 to 750 nm region {Crooks 1978). 
In view of these considerations, and the biochemical 
studies demonstrating UV-B-induced flavonoid synthesis 
(Wellmann 1974), the increased extract absorbance found in 
the present study most likely reflects increased flavonoid 
absorbance i n response to UV-B irradiation . 
Further evidence of solar UV-stimulation ·of flavonoid 
production is found in the field studies of Caldwell (1968) 
and laboratory studies of Sisson (1981). Caldwell observed a 
gradient of increased epidermal extract absorbance in emer-
gent alpine plants as distance from the edge of snowbanks 
decreased. Solar UV irradiance in the plant environment can 
be substantially increased by the reflective properties of 
snow (Bener 1960). Furthermore, the exclusion of solar UV 
radiation from the plant's environment, with the use of 
filters, and subsequent removal of the filter for UV 
exposure, increased extract absorbance. Sisson {1981) 
recently showed that extract absorbance in Cucurbita pepo 
L. leaves increased after exposure to UV-B radiation emitted 
from filtered sunlamps. 
The development of flavonoid compounds as filters of 
solar UV radiation in early 
suggested (Lowry et al. 1980, 
Swain 1975, Caldwell 1979). 
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terrestrial plants, has been 
McClure 1976, Seigler 1977, 
During the period of plant 
colonization of the terrestrial environment, shortwave UV 
radiation may have been a significant selective factor in 
the survival of early land plants. 
Alkaloids are compounds that also absorb in the UV 
waveband (Holubek and Strouf 1965). These compounds have 
generally been thought to have allelopathic as well as anti-
herbivory functions in the plant (Ehrlich and Raven 1964, 
Whittaker and Feeney 1971). Absorption of UV by alkaloid 
compounds is probably secondary to their fuction as anti-
herbivore agents. These compounds would not have been 
identified with the procedures used in this study. 
Phenotypic plasticity of epidermal tr,ansmittance 
The present study and other wo~k (Lautenschlager-Fleury 
1955, Gausman et al. 1975, Mccree and Keener 1974, 
Robberecht and Caldwell 1978, Robberecht et al. 1980), 
have shown that the epidermis is capable of attenuating 
more than 90% of the UV-B radiation incident on the 
leaf. The data from these studies are in contrast to the 
results of Bolliger (1959), which show that epidermal UV-B 
transmittance of 10 low-land temperate and alpine species 
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was generally greater than 70%. It is difficult to resolve 
these different 
capability of 
observations on the inherent attenuating 
the epidermis, because Bolliger measured 
epidermal extinction qoefficients instead of transmittance, 
and particularly because the method by which Bolliger 
measured the extinction coefficients is unclear. An extinc-
tion coefficient is a measure of the capacity of a material 
to absorb radiation. 
All other studies indicate a substantial degree of UV 
attenuation in the epidermis. In the studies mentioned 
above, such as those of Gausman et al. (1975} and Mccree and 
Keener (1974} and others, epidermal transmittance or 
absorptance was measured directly, rather than the measure-
ment of extinction coefficients as in Bolliger's study. 
Furthermore, with the exception of Lautenschlager-Fleury 
(1955), measurements were made with an integrating sphere 
f~r greater accuracy (see "Methods"). Although the study of 
Bolliger did not indicate a high degree of epidermal UV 
,attenuation, he found that the extinction coefficients were 
generally greatest, i.e., the epidermis had the greatest 
attenuating capacity, in the 290 to 300 nm region. 
The attenuating capability of the epidermis does not 
appear to be static. Rather, some degree of phenotypic 
plasticity in this parameter is apparent. The UV-filtration 
capacity of the epidermis was generally increased under UV-B 
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irradiation (see Tables 5,6, and 8}. Significant reductions 
in the UV-B transparency in the intact isolated epidermis 
appear to be a consequence of increased flavonoid absor-
bance. Absorbance by these compounds in the epidermis were 
manifest. optically as reduced epidermal UV transmittance. 
Although UV absorbance generally increased and epi-
dermal UV transmittance generally decreased in response to 
UV-B irradiation, the reduction in transmittance is less 
than would be expected from increases in absorbance. As 
mentioned previously, absorbance refers to radiation absorb-
ed exponentially, and is related to transmittance on this 
basis (Jagger 1967}. Thus, a twofold increase in absorbance 
can ~esult in as much as a 10-fold decrease in trans-
mittance. For solutions, this relationship between absor-
bance and transmittance conforms to theoretical expectation _s 
and is caused by the relatively homogeneous distribution of 
the dissolved solute in the sol vent. This is not the case in 
the leaf, where flavonoid compounds are highly localized in 
cell vacuoles and around plastids (McClure 1976}. A strict 
exponential relationship between absorbance and trans-
mittance in the epidermis is therefore not observed. 
In addition to a reduction in the magnitude of epi-
dermal UV-Band UV-A transmittance, a· shift in the spectral 
distribution of transmittance was observed (see Fig. 9 and 
11}. This shift was expressed as greater reduction in UV-A 
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transmittance than UV-B transmittance. This phenomenon may 
be related to the absorption characteristics of flavonoids. 
These compounds generally absorb more strongly 
than the UV-B portion of the . solar spectrum. 
in the UV-A 
Thus, the 
greater reduction in UV-A transmittance may be due to 
greater flavonoid absorption in this region. 
The attenuating capacity of the epidermis is not 
uniform throughout the UV waveband . Figure 8 illustrates 
this for the three species examined in the pre .sent study. 
Each species appears to have a characteristic spectral 
distribution ef transmittance. This observation was also 
made by Robberecht and Caldwell (1978). The spectral 
distribution of transmittance may be related to the absorp-
tion characteristics of the · particular groups of flavonoid 
compounds present in the epidermis of each species. Differ-
ences in the spectral distribution of transmittance among 
the species examined were substantially reduced after the 
epidermis had been inunersed in the extraction solution 
(Robberecht and Caldwell, unpublished data}. Table 1 shows 
the major flavonoid groups identified in the leaf-tissue 
extracts of each species. Although the major groups of 
flavonoids have characteristic absorption spectra, and as a 
group may absorb more in one part of the UV waveband than 
another, there is no clear relationship between the spectral 
distribution of transmittance of a species and a particular 
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flavonoid group. This is probably due to the overlap in 
absorption among the different flavonoid groups. For ex-
ample, Oenothera stricta was found to have four major 
groups of flavonoids. Within these four groups of fla-
vonoids, there is considerable overlap in absorption through-
out the UV region (Mabry et al 1970). The relationship 
between the spectral distribution of transmittance and 
particular groups of flavonoid compounds could be resolved 
if the specific compounds and their concentrations in the 
epidermis were known. 
Cell wall constituents such as cellulose and . hemi-
cellulose are highly transparent to UV radiation and thus 
contribute relatively little to the filtration capacity of 
the epidermis (Frey-Wyssling 1976). Culticular waxes are 
composed ~f long chained parafins (or alkanes) or primary 
alcohols (Martin and Juniper 1970). These structures typi-
cally absorb below 200 nm, so no appreciable absorption of 
UV-B radiation is due to leaf waxes (Frey-Wyssling 1976, 
Crooks 1978). The attenuation of UV by cuticular waxes was 
not appreciable in four species examined by Wuhrmann-Meyer 
and Wuhr~ann-Meyer (1941). They measured extinction coef-
ficients between 250 and 400 nm of ~e wax of each species. 
The extinction coefficient is a measure of the absorption 
capacity of a material. Although the extinction coefficients 
were generally quite low, 
was observed at 290 nm. 
some extinction of UV radiation 
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The degree of phenotypic plasticity in epidermal UV 
transmittance appears to vary among species. The present 
study indicates that this parameter is relatively _ plastic in 
Oenothera stricta and Rumex obtusifolius and suggests that 
it is relatively static in R. patientia. Robberecht and 
Caldwell (1978) showed that four out of seven species 
exhibited a significant degree of phenotypic plasticity in 
epidermal UV-8 transmittance . Rumex patientia was among the 
species that showed no significant plasticity in epidermal 
UV-B transmittance. 
A mechanism of UV-B attenuation, possibly involving the 
biosynthesis of UV-absorbing flavonoid compounds in the 
epidermis and mesophyll under the stress of UV-8 radiation, 
and a subsequent increase in the UV-B attenuation capacity 
of the epidermis, is suggested in species such as Oenothera 
stricta. Flavonoid absorbance was also increased in Rumex 
obtusifolius and, 
spectra observed, 
together with the few transmittance 
suggest that such a mechanism of UV-B 
attenuation may also occur in this species. It is unclear 
whether this mechanism of attenuation is present in R. 
patientia, since only slight increases in flavonoid absor-
bance were observed, and no transmittance spectra of UV-B 
irradiated leaves could be measured. Although the changes in 
absorbance were small in R. patientia, the level of 
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absorbance was considerably higher than in R. obtusifolius, 
for one experiment (see Table 3). In two subsequent 
experiments, however, absorbance in the two Rurnex species 
was similar (see Table 9). In view of these considerations, 
the phenotypic plasticity of flavonoid absorbance and epi-
dermal transmttance may be more limited than in either 
o. stricta or R, obtusifolius. Rumex patientia has 
been shown to be particularly sensitive to UV-B radiation 
(Sisson and Caldwell 1976, 1977). 
The particular leaf layer in which absorbance is 
increased most in these species cannot be determined from 
whole-leaf extracts. However, anthocyanins tend to accu-
mulate in the mesophyll of Rumex patientia rather than in the 
epidermis (personal observation). The situation appears to 
be reversed in R, obtusifolius. If this is also the case for 
other flavonoids, it may partially explain why epidermal UV-
B transmittance is greater in~· patientia than in the other 
two species (see Fig. 8), In general, anthocyanins are found 
either in the epidermis or the mesophyll, Few species have 
anthocyanins in both leaf tissue layers (Nozzolillo 1972, 
McClure 1976), 
In the present study, the induction of flavonoid 
compounds in the leaf, as suggested by increased extract 
absorbance, was only observed after irradiation periods of 
at least one week, In contrast, the induction of enzym~s 
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involved in flavonoid synthesis, such as PAL, was observed 
within a few hours after the initiation of UV-B irradiation 
(Wellmann 1974). This discrepancy in time may be explained 
by the sensitivity of the bioassay used to detect flavonoid 
concentration changes. Wellmann worked with suspension 
cultures of parsley cells rather than with mature leaves. 
Furthermore, PAL activity was measured, rather than the 
indirect measurement of flavonoid pigment concentration in 
leaf extracts. The former method has greater sensitivity for 
the detection of flavonoid induction and small changes in 
concentration. Irradiation of cells in a suspension culture 
results in each cell having a high probability of receiving 
direct UV-B irradiation. The situation is quite different in 
the leaf. Cells in a leaf have a lower probability of 
receiving direct UV-B irradiation because of the arrangement 
of cells in the leaf and because radiation is attenuated and 
scattered as it penetrates into the leaf. 
The reduction in epidermal transmittance, due to the 
formation of flavonoid compounds in the leaf tissue, was 
also not irranediately apparent after the initiation of UV-B 
irradiation. Depressed epidermal transmittan~e was generally 
not observed until after about 2 weeks of UV-B irradiation. 
Again, alterations in the epidermis, such as an increase in 
. epidermal flavonoids, requires several days of exposure to 
UV-B radiation before detection is possible, 
77 
Wavelength selectivity of epidermal tissue 
In regard to solar radiation, the epidermis is a 
complex radiation filter with substantial differences in the 
magnitude of transmittance over the 290 to 700 nm waveband 
(see Fig. 9). Epidermal transmittance is typically less than 
10% in the UV-B region, increases substantially with 
increasing wavelength between 320 and 400 nm, and becomes 
asymptotic at about 70 to 80% between 400 and 700 nm. These 
observations 
Mccree and 
are very similar 
Keener - (1974) on 
to the data presented by 
epidermal UV and visible 
transmittance in cabbage 
been 
leaves. This pattern in the UV 
waveband has demonstrated for 68 plant 
species by Robberecht et al. 
differences in the magnitude of 
(1980). In 
transmittance 
addition to 
between 290 
and 700 nm, the spectral distribution of transmittance in 
the UV region appears to be relatively characteristic for 
each species (see Fig. 8). As stated previously, the 
relationship between the characteristic transmittance spect-
rum of a species and the absorption characteristics of major 
flavonoid groups cannot be resolved from the data of the 
present study. The specific compounds and their concentra-
tion in the tissue should be known. 
Ultraviolet-a radiation is generally considered to be 
deleterious to plants (Caldwell 1971, Caldwell 1981), and 
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thus effective filtration of UV-B by the epidermis would 
seem beneficial to the plant. In contrast, transmittance of 
visible radiation (400 to 700 nm) is essential for photo-
synthesis. The epidermis must therefore be highly trans-
parent to this waveband to maximize the penetration of 
photosynthetically active radiation (PAR, 400 to 700 nm). 
The highly selective nature of epidermal attenuation 
may be a result of the combined optical properties of the 
structural and pigment components of the tissue. As men-
tio _ned above, cell wall constituents and cuticular waxes 
are, in general, relatively transparent to UV and visible 
do not substantially contribute to the radiation and, thus, 
attenuating capacit-y of the epidermis. Flavonoid compounds, 
however, absorb strongly in the UV region but not in the 
visible region. Anthocyanins, which absorb strongly between 
520 to 560 nm, are the exception (McClure 1976). The 
presence of flavonoid compounds is thus a significant factor 
determining the wavelength selectivity of the epidermis. 
A limited amount of phenotypic plasticity in epidermal 
transmittance of visible radiation was evident for Oenothera 
stricta leaves. Transmittance of visible radiation between 
400 and 430 nm was reduced similar to that of UV radiation, 
although to a lesser degree (see Table 5 and 6). The 
reduction in transmittance in the 400- to 430-nm waveband 
was between 6 and 14%. The effect of UV-B irradiation on 
79 
epidermal transmittance in the 450- to 650-nm region 
was generally negligible. 
Although the reductions in visible transmittance appear 
relatively small, slight reductions in PAR incident at the 
mesophyll may affect the rate of photosynthesis. The small 
observed decreases in the penetration of visible radiation 
between 400 and 430 nm may be biologically significant, 
v , 
since chlorophylls absorb in this region (Sestak et al. 
1971). The PAR penetrating to the mesophyll would still most 
likely be sufficient to saturate photosynthesis at the high 
light intensities normally occurring at midday. However, at 
lower light intensities, occurring in the morning or late 
afternoon, a small reduction in epidermal transmittance o~ 
visible radiation could depress the rate of photosynthesis 
and reduce the total daily carbon gained by the plant. When 
epidermal transmittance between 400 and 650 nm is weighted 
on the basis of its effect on photosynthesis using data 
presented by Mccree (1972) on the relative quantum yield for 
photosynthesis, the reductions in transmittance caused by . 
UV-B irradiation are only 2 to 4%. 
Plant UV-B sensitivity and acclimation 
The photosynthetic rate of plants under the stress of 
UV-B radiation has been taken as an indicator of overall 
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plant UV-8 sensitivity by several investigators (Sisson and 
Caldwell 1~76, 1977, Van et al. 1976, Brandle et al. 1977, 
Teramura et al. 1980, Sisson 1981). Although sensitivity to 
UV-8 irradiation has been demonstrated in some species, the 
degree of UV-B sensitivity among plant species can be quite 
variable (Van et al. 1976). 
On the basis of the photosynthetic rates observed in 
this study, none of the three species was highly sensitive 
to short-term exposure to either filtered-sunlamp or solar 
UV-B radiation. Some limited sensitivity to UV-8 radiation 
may be indicated by the trends in photosynthetic depression 
under UV-8 irradiation ( see Figs. 13-15, 17 and 18), 
al though thes .e trends were generally not statistically 
significant. The lack of significant photosynthetic depres-
sion would suggest that these species are relatively in-
sensitive to UV-B injury. 
Some species may be sensitive to UV-8 radiation under 
certain conditions. Rumex patientia was shown to be highly 
sensitive to UV-B radiation on the basis of photosynthesis 
in the studies of Sisson and Caldwell (1976, 1977). This 
sensitivity was not apparent in R. patientia plants examined 
in the present study. The particular factors that con-
tributed to these different findings are unclear, but 
environmental conditions during cultivation and experimenta-
tion and differences in the seed source may partly explain 
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these conflicting results on the UV sensitivity of R. 
patientia. 
This apparent lack of UV-B sensitivity was observed in 
experiments with either filtered sunlamp or solar UV-B 
radiation. · Although sunlamp UV radiation does not perfectly 
simulate the UV radiation received at the Earth's surface, 
these two sources of UV-8 radiation had a similar effect on 
the species examined in this study. 
The evaluation of plant UV-B sensitivity and the 
processes leading to plant UV-B acclimation , however, 
involves an interaction of several important factors . Mea-
surement of photosynthetic depression may be used as an in -
dex of plant sensitivity, but does not by itself indicate a 
mechanism of plant acclimation. Plant UV-B sensitivity and 
eventual acclimation is more likely a result of the dynamic 
balance between the UV-B irradiance penetrating the leaf, 
its absorption, and the efficiency of UV radiation repair 
mechanisms. 
In order for UV-B radiation to elicit an effect on the 
photosynthetic apparatus, or any plant process, it must be 
absorbed. A high epidermal UV attenuation capacity, and the 
resulting low UV-B flux at the mesophyll layer, is thus the 
first factor that can influence plant sensitivity. The UV-B 
flux at the mesophyll !(mes), on a biologically or DNA 
effective basis, represents ci1e effective UV-B irradiation 
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with the potential to strike sensitive targets in the 
mesophyll. Figure 19 illustrates the effectiveness of leaf 
epidermal attenuation and I(mes) of Oenothera stricta 
leaves. The daily I(mes) was calculated with equation 2, and 
is shown for solar UV-B irradiance expected under natural 
conditions in June at 42 degrees N latitude, and under a 15% 
ozone depletion. These calculations illustrate that the 
penetration of UV-B radiation to the mesophyll layer is 
substantially reduced by the epidermis. Increased epidermal 
UV attenuation in response to UV-B irradiation, and the 
resulting reduction of UV-B irradiance at the rnesophyll, may 
represent a type of acclimation to UV-B radiation. 
The phenotypic plasticity of epidermal transmittance, 
decreasing the I(mes), is particularly important in view of 
the mechanisms of the UV repair processes that are present 
in plants. As described by Howland (1975) and Murphy (1975), 
the capacity of mechanisms that repair UV-B induced lesions 
in nucleic acids and proteins is limited. If the formation 
of pyrimidine dimers occurs at a rate that exceeds the 
repair capacity, damage to these biologically important 
molecules will accumulate. Howland (1975) has demonstrated 
the phenomenon of repair capacity saturation in wild carrot 
protoplasts that were irradiated with UV-C radiation. While 
the effects of UV-C and UV-B are not always related, a 
similar repair mechanism may exist for the repair of UV-B 
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Fig . 19. The mean daily DNA effective UV-B flux at the 
mesophyll layer !(mes) for UV-B irradiated and non-
irradiated leaves of Oenothera stricta under ambient and 
reduced stratospheric ozone concentrations. Incident 
UV- B irradiance was calculated using a computer simulation 
model developed by Green et al. (1980). Ultraviolet-B 
irradiance was calculated for an elevation of 1.5 km 
above sea level, 42 degrees N latitude, and mean ambient 
(0. 320 atm. cm) and reduced -(0. 272 atm. cm) June ozone 
concentrations. The data correspond to the six separate 
experiments. The length of the UV-B irradiation periods 
are noted. 
induced damage (Murphy 
structural alterations 
1975, Harm 
in DNA can 
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1979). Since these 
interfere with normal 
replication, 
to the plant. 
accumulation of damaged DNA may be deleterious 
Whether the reduction in epidermal transmittance irr 
response to UV-B irradiation indeed reduced the sensitivity 
of Oenothera stricta, Rumex obtusifolius, or R. patientia, 
is unclear. Isolating the effect of epidermal attenuation on 
plant sensitivity is difficult because of the possible 
effects of · other factors such as UV absorption in the 
mesophyll layer and UV repair mechan i sms on plant sen-
sitivity. Although a significant depression in transmittance 
was not observed until after more than one week of · UV-B 
irradiation, reduced transmittance may have occurred before 
that time, but not detectable with the instruments used in 
the study . If the degree of increased flavonoid and 
epidermal attenuation was sufficient to protect the photo-
synthetic apparatus and to allow UV repair systems to keep 
pace with the increased rate of UV-8 induced damage, plant 
injury might not be observed. 
It was not possible to examine the effect of UV-8 
irradiation under conditions where flavonoid synthesis was 
specifically inhibited or filtration capacity of the epi-
dermis was reitricted, 
increased protection. 
thereby removing the possibility of 
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Conclusions 
The epidermis was found to be an effective filter of 
UV-B radiation. Although the three species in this study 
differed somewhat in their attenuation capacity, the pen-
etration of UV-B radiation was limited considerably by the 
epidermal layer. The greatest UV attenuation was found in 
Oenothera stricta, followed by Rumex obtusifolius and R. 
patientia. Respectively, epidermal tissue of these three 
species attenuated up to 95%, 90%, and 85% of the UV-B 
radiation incident on the leaf . This represents a sub-
stantial reduction in the daily UV-B irradiance incident at 
the mesophyll layer, 
damage is high. 
where the potential for UV-B induced 
The epidermis was not only found to be an effective UV-
B filter, it appeared to have a high degree of wavelength 
selectivity. This tissue layer was highly tra~sparent to 
visible radiation, with up to 80% of the visible radiation 
incident on the leaf penetrating to the mesophyll, yet 
nearly opaque to UV-B radiation. The degree of UV-A 
attenuation was intermediate between attenuation of visible 
and UV-B radiation. 
Some degree of phenotypic plasticity in the capacity of 
the epidermis to 
stricta and Rumex 
attenuate UV-B radiation in Oenothera 
obtusifolius was demonstrated. This 
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plastic response in epidermal attenuation was ob-served under 
either filtered sunlamp or solar UV-B irradiation. (As 
stated previously, no measurements of the plasticity of 
epidermal transmittance were possible . for R. patientia 
leaves). A reduction in the penetration of UV-B irradiance 
through the -epidermis, and concomitant reduction of the UV-B 
flux at the mesophyll, may be one portion of the acclimation 
process of higher plants to UV-B radiation. 
Given this observed phenotypic plasticity, some predic-
tions may be made in regard to UV-B transmittance in the 
epidermis of species in the plant community. Epidermal at-
tenuation of solar UV-B radiation in Oenothera stricta and 
Rumex obtusifoliu~ would be expected to increase as solar UV-
B irradiance increases over the growing season. In the event 
of an intensification of UV-B irradian~e, due to a partial 
depletion in stratospheric ozone, epidermal UV-B attenuation 
may also become more effective in species with a high degree 
of plasticity in this parameter. This response in epidermal 
transmittance may be particularly important, since repair 
systems may not be able to keep pace with the rate of damage 
without some reduction in the UV-B flux incident at the 
mesophyll. 
Effective UV-B attenuation and the wavelength se-
lectivity in the epidermal layer may result from the presence 
of UV-absorbing compounds in this tissue. Flavonoid and re-
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lated compounds are commonly found in leaf tissue, and 
strongly absorb UV radiation. Their induction in response to 
UV irradiation has been demonstrated by Wellmann (1974). The 
increases in extract absorbance found ln this study were 
apparently due to increased flavonoid absorbance in response 
to UV-B radiation. The ability for flavonoid synthesis in 
the leaf suggests a potentially responsive mechanism for 
altering the UV-B absorption properties of the epidermis 
under a changing UV-B irradiance environment. 
The extent to which plant UV-B sensitivity is a direct 
function of epidermal transmittance is unclear, since no 
significant sensitivity in the rate of photosynthesis was 
observed in the three species. The degree of epidermal 
transmittance in Oenothera stricta and Rumex obtusifolius 
prior to UV- B exposure was rather low. The observed 
reductions in transmittance caused by UV~B irradiation may 
have been of a level sufficient to maintain any UV-B induced 
injury below a threshold point; above which significant 
plant sensitivity would become apparent. 
Since additional UV-B absorption may occur · in the 
mesophyll layer, the actual UV-B irradiance striking sen-
sitive targets in the mesophyll, such as nucleic acids and 
proteins or portions of the photosynthetic apparatus, is 
unknown. Although Rumex patientia had the least capacity for 
epidermal UV-B attenuation of the three species, absorption 
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of UV-Bin the mesophyll may have been significant. Although 
the proportion of absorbance by compounds in the epidermis 
could not be determined, whole-leaf extract absorbance was 
rather high in this species. 
The particular UV-B sensitivity of a species is more 
likely the result of an interaction of several factors, 
rather than of epidermal UV-B attenuation alone. In addition 
to the UV-B attenuating capacity of the epidermis, factors 
such as UV-B absorption in the mesophyll and the efficiency 
of UV repair systems mdy be important. The dynamic balance 
between the UV-B dose rate, the attenuation capacity in the 
epidermis and mesophyll, and repair systems perhaps de-
termines the overall UV-B sensitivity of the plant. 
Under field conditions, where plants are exposed to 
several different environmental stress factors si-
multaneously, the stress of UV-B radiation may be enhanced. 
This is suggested by the study of Fox and Caldwell (1978), 
where plants were simultaneously exposed to intensified UV-
B radiation and the stress of interspecific competition. The 
results of this study showed that the same species may show 
different degrees of UV-B sensitivity, depending on the 
particular competitor species it encounters. Furthermore, 
the effect of UV-B irradiation was not expressed as a 
decrease in the total biomass of the two competing species, 
I 
but as a decrease in the biomass or density of the more 
sensitive species. 
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The interaction of UV-B radiation with different envi-
ronmental stress factors in the field has particular implica-
tions for plant community structure under an intensified UV-
B radiation regime. Rather than an overall reduction in 
plant production in the community, intensified solar UV-B 
irradiance may result in slight changes in the competitive 
balance among species, which may eventually be expressed as 
subtle shifts in species composition and relative abundance. 
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